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' FOREWORD

Tnis final ropott prosents work which wés sondusted for Lungley Rescareh

Conter (LaRC) in response to roquiremecfits of Conteadt NAS1-16983, The work

presented was posrformed by REMTECH, Inc., Buntsville, Alabems and is ontitled

' 'MINIVER Upgrade For The AVID System’'’', The final seport consists of three

volumes, .

VOLUME 1: LANMIN User’s Manual
VOLUME 2: LANMIN Inpst Guide
VOLUME 3: EXITS User’'s and Input Guide
The NASA techsical coordinstion for this study was provided by Ms, Kathryn

E. Wurster of the Vehicle Analysis Branch of the Space Systems Division,
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S8eotion 1.0
INTRODUCTION

The BRITS code described in this documesnt is & thesmal Anslysis teol which
allows the uvaer to fapidly predict thermal protestion systém performance for ad-
vinced spate transportation vehicle reentry., Design and welights optimization
tan de avcomplished by repeated analysis within the vonstraints and guidelines
of system performance. .

EXITS is designed to run interactively on a4 small or mainframe compating
systém in conjunction with the LANMIN code., LANMIN,as desczibed in Volume I and
II {s xud, given a trajectory, geometry, heating rate methods, &te., to provide
st input file oontaihing the thermal enviromnment information necded for the body
points specified, Information flow for this process is depicted in Figure 1.1,

The vser thea calls EXITS in an intetactive mode 4nd sets certain input
patameters, start time, énd time, print time, eto. and defines the TPS structure
by selecting structure types from & ménu présented to him, In its present form,
the menu ocontains seven different structure types, including anm adbiator, slad,
tadiation gap, ete., By stacking these structtures, the entire TPS is defined and
a n0dal mesh is antomatically genesated., EXITS thus uses the LANMIN generated
inpot file and caloctlates the temperature history of cach node through the
sttuctuce, |

During the calonlation, all of the heats are integrated and prianted out,
Thess include the comvécted, reradiated, sensible heat, ablated héat, and dd-
véot¥d heat. A total enesgy balence is made to detesmine the msthod's consérva-
tioa,

EXITS ueés an explicit (Buler) integration of the ¢nezgy équatiod dsing

éqiivalent radiation conductord where intetnal or rerddiation exists, An ubla-

-
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tion routine has been invloded usiap & simple ablator-sublimer mode] which {n~__

oltides the fatont hoat and hoat fogquifed for the moving iaterfade (sdvected),

For materials with high thermal cofiductivity (aluminum, Sopper, ete.), & ther-

'ncliy ''thin’’ struoture has been inclnded to avoid the time step provlems éx-

plicit methods fiave with these materials. Details of thése methods ure des-
6rided {8 the Technical Disévssion, Seetion 1I,

The program strooturs, flow charts, ete, ase given in Section IIX, Desorip-

tion of Progeam. Esch subrovtine is desorided in Seotion 1V,

Input and Output data is desoribed in Sections V and Vi tespectively,
Finally, conclusions and récommendations are préesented ia Section VII, A 1iet-
ing of the codé is presenteéd in the Appendix,
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Section 2.0

TECHNICAL DISCUSSION

This scotivn desctibes the meéthods used in utlaﬁlatiaa the thermal feésponse
of the TPS structure, A busic émergy bdbalance porfogmod at éach nodo during the
time marohing using an explicit Euler integration forms tﬁe basis of the code.
Spscial methods are used to deseride the response of the ablutor-sublimer dnd
thermally thin structures, However, when complicated structuteés afé used, the
program logic branches off and construdts equivalent thermal networks, and from
solotions of these networks, equivalent thermal o&nduotauce is computed and
placed into the primary thermal network,

Presently, EXITS conitains the capubility to analyzé sevea different strué-

ture types. These aré 1istéd below us follows:

STRUCTURE TYPE - - - NUMBER

SLAB

RADIATION GAP
BONEYCOMB
CORRUGATED

Z STANDOFF

THIN SKIN
ABLATOR SUSLIMER

SO W N

The methods used £for analysis of the sladb, thim skin, and ablator-sublimer are
contained in this section, The methods for the zadiation gap, honeycomd, cortu
gated, and Z-standoff stidoture are actually the same as the slab so therofore
the 10gic 0s8d to compute the equivalent conductivity is not presested heré bdut

is given i Secstion IV, Description of Sdabroutinés,
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ORIGINAL PAGE 13
2.1 SLAB MODEL OF POOR QUALITY

The thormal slab model 4s tho €inite difforence séprosentation of the host
couduction osquation and s tsed to obtain the tempersture response Of tho slad
and ablator strusturé types. To oltain & finite différondo sumérical solution
to the heat conduction equation, the dorivatives in spaco and timé ere roplaced
by finite differesve amalogs. The hoat conduvtion equation for an {eotropic ma-

tordal with ofie spacial dimession is:

o 82T
ol — = k =
20 ax?

The space derivatives can bé represented in the foliowing manner referring

to the temperature distridutiva depicted below,

, §§ <7Tl
6T

———

Finite Difference Temperature Distribution

Bspanding about point O using Taylor's series for the temperature at 2

2
s ® Ty + axg=— | +5-’-‘-~3-l| +0 (axg) +
T gl e

Ih o 1ike masner, espatiding about 0 “of the témperaturd at 1

2
T, 6T l | + . lo = 0 (ax)
8T, = ARy=— — —lg- X cor
1 0 1axo 21 ax 0 ‘
5
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ORIGINAL PAGE (8
OF POOR QUALITY

Combining ethese two sxprescions, ignoring highet order terms and solving for

aeT "
Tx? | &t time step o wo £imd

| ]
% n
LI 2 [T 1 axp 4 Tz AXy = 5 (ax; * sz)]
ax~ 0 (&xg + axy) Axy &x,
If we take a forward differsnce approximation for the time derivative as shows
below
%1 n
T 17
- B —_—-J-
20 A9
and substitote dnto the heat conduction equation we find
n
o (dt sz) AR k (10 -1 X (1 - 1) .
p 13 —— am— _"_'
( 2 2 Ax, &xz »
If the thermal sapacitancé is defined as
Xy + A2
Cym oo = ot (=)
414 the conductors as
Ky . §
B ommamewy
J AX-U '
%6 have, upon substitation and some algebza ’

ntt o o.n 80 ¢ n_.n

T
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OF POOR QUALITY
This sxpression {s the basis of the thermal balince at cauh node dn the etndug-
tion setwork, However, fof fodos adjacent to a zadidtion gap Or structure in
whiclh the hoat tranifer meohanism 4s not by pure eanduotion, wo can form

equivalont conducdtors,
The maximum stable time step, AO , which ocan Bb takenm cdn be found by roaz=

tabging our finite differcnce algorithe as follows
1Y) A9
fib) o qh fy 20 29 n
i (1 c1zj:'(”) *ciza:"u g -

and noting that the coefficieant of Tf pust somuin positive for all AQ . A nega=
tive coefficient would mean that the grester the temperature at time step a, the

less the témperature at time step & + 1 which wotld sot make sense, We anow have
or

This oriteris is uséd for all casés éxcept the thetmally thin sections, To in-
sure stability especially whea the xij‘ azé nonlifeas radiative condustors, the

time step 44 divided by the input parameteér STAB,

f— e e e — -

—— e e e e — e e = -
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OF POOR QUALITY

A wajor foature in tho developmént of this code was the thermal élément.

vhich cotedsts of a thermal mass and & heut transfos path botwoen two nodes lo-
¢ated at the onde oOf the eleémont showh boelow

Typical Thermal Element

Balf of the thermal mass of an elément is assigned to eaéh node., The thoemal
eléments atre then stasked to define ths complete thermal protection system, The
slab and ablator materials are divided into several eléments by the program,
A1l other structure types consist of a single thermal element which ate stacked
upon each othe sharing their ¢ommon node poiaic.

Constructing the network in this manner introdaces slight ez£5rs vhers
structures of varying capacitance are adjacent to one anothe: acd also at the

surface node. In these Sasés, the node is not placed in the exadt center of the

thesmal mass, however, 6nergy is conserved.

2.2 COMPARISON WITH ANALYTICAL SOLUTION

As o cheok on the ucotirdcy of tho numerical algoritim, the soldtion was
compared to an analytical solution, Ref, i, of the partial differential squa~
tiofi. Thé comvective heating of & plate of thiokndss 28, from both sides {é an

slogous to heating of » slab of thickness 85 from one side with an adiadatic

B R B
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OF POOR QUALITY

backwall boundary dondition, If the conveotive heat trunsfor coeffialent, h, is !

beld constanit then the following boondasy canditions wiil apply, where T = t~too

T = 71 at o= g

a7

- =0at x=0 (center of slab)
X

I

* oo = Tat xoe p 4, (surface).
ax k

The product solution ie fouud to be

2

L S R LN

T, &, -t 2M, + sin 2 M "\s
1 { ¥ pey R n 1

where ”n are the roots of the tramcendental equation
Nu - Mn tan Mn
Nu being the Nusselt num'er given as

hs
Nu.—-l.
K
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OF POOR QUALITY

Noménolstuss £o. cnis case and o graphioal roprésontation of the tramcendentsl
équation are shown in Fig, 2.1,

-
v
¢
. l% / "
h h
t——vh X ;
Tan M 7 )
Nu ':
, “ 'ﬂ; o
- or |
‘.
Tan M,1 N ;:
A :
pd - ;
0 ? 3 Py -
'g' M, 2 b
Fig. 2.1 Infinfte Slab Heated From Both Sides -
With Graphical Solution For M_ , 4
i
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A Qigital computer progsam was writtes to find the toots M and evaluate
the anmsiytical sclution, Various nambers of torms were taken in the dnfinite

L ad
soried to cheok for comvergense, A satisfactory solution was found after 50

terni wete used.

- y The test 6ssn consisted of & layeér of cork ofio inch thick with an adiabatie
" backside model ueing six nodes through theé thickuess, A compatison of this case
T with the azalytical solution is presented ia Fig, 2.2. Agreemoént appears to oe
1 quite good. .
%‘: :
=
=3

3
3 »
4 ;
-=:;¥ A '
1 J
1 4
i :
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4 REMTECH INC. ORIGINAL PACE
OF POOR QUALITY
.
; NOTES: |
1. 6 Node Model, Cork S1ab v
o} 2. Insulated Backside
N 3. Adabatic Wall Temp = 10,416.6
| 4. F{Im Coefficient 4 001276 Btu/ftz °R
L PROPERTIES
g Density 10 1bm/ftd
3 $p. Heat .04 Btu/lbm-‘R i
pi'i . Conductivity 6.9 x 10-6 Btu/Ibm-fta°R |
i , 12000 Y Y ' v \ \ Y 4 23
:
- ~— Analytical Solution -
3 © Thermostructures Code
{ 10000 -
3
3 8000 .
i « ‘ i
b £ go0o . |
i g | |
i é 100 sec.
i = 4000 !
it i
b 2000 ¢ ;
i - 0 sec,' i
10 o Do
g 0.0 T A} ;i ' 1" i
2 4 .6 8 1.0 Vo
19 Depth In. f
16 Fig. 2.2 Comparison of Thermostructures Code with Analytical Solution , ?
35,6 : \
; 12 \
| |
798 [
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2.9 THIN SKIN MODEL
For & slab type struvtures which 4s made of & muterial which has & high
thezmal cdndustivity, the temporatuse gradient through the matdrisl das be ox-
pested to be small for relatively thin scotions aud tho heat fluzes énmcountéred
during reéatzy, If thic gradient is to be modeled using the slab option, wo sove
that the time steép required to rescive this grediént will be very small since is
geno:ai,ée,ff;ti- » Where one or more of the t“'s will be large, The small
time step will fesult in 1ong run times with very little inctease in accurasy of
the analysis,
1f, however, wé assumeé that the temperature gradient through the thin skin ':
type structure is zéro while still allowing heat to be stored in the stzucture, -
- We can circumvent this time step restristion since we have effectively takea the
condtctors in the high thermdl conductivity materisl oot of the network, The
‘;f résulting slab of material now désomes thermally ‘‘thin’’, i.e, no temperature
gradient and long run timés cén be avoided, ’ 1

Consider the generelized slab of material and nodel network in Figure 2.3

1 ;o
Thermally Thin '

27 Structure g

Fig. 2.3  Typfcal Thermally Thin Structure

¢ 1f we wiite the equations for « heat balance at time step n + 1 at nodes 2 and

8, we have

C,TI w13+ (Tiky + Ty = ToKye T,k,ha

- .

13
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Nt 0 . n
c!'l‘3 1" Cy + (1'2K2+ 'l‘“K3 - 180(2 - TSKS)Ae .

Now if we sasume there is 20 tomporature gradient betwdén node 2 aad 3 and sdd

the two sgustions together to find the total tnctgy stored at the end of time
step n + 1, wo have

n
Cngﬂ ¢ CgTI = 1hc,+ 100, + (TiKy = Tgky + Tykg = T4Kg) a9

Solving for the temperaturé of the this sestion, T, ,, we atrive at the algor-
ithn for the thin skin section témperature below

nét n A9

] f n
= T Sa— - -

53 2‘.3 C, "‘Cg (T K TK T‘.K3 Tsks).
Looking at this expression, wé note that the tondnotos K, has béen elinminated
414 will 86 longer cause the small time step problem,

Congidering the second law end finding a stable time step oriteria canm be

sccomplished as follows, Factoring r“,_, we have
n+}

™iaen [0 2 k, ] -—--r fy
0t [ 3( 9 I XD ", - r“]

The first term in brackets must sremain positive for any stable time step so 4t
follows that

49

(K, +K;) <1
C2+Cp b O

or
T Ky + Ky

14

-

w—— v mme o mmm . n —— =




Wo dee that tho stable timo dtep exprossion 4¢ in the familur forw qﬁi.. but
d06s ot Rave largd condustion valtes which will catse tho smail time utep ‘prob-
lens,

The previons discusedon considors the this skin scction td be & goneral
case, For the oksy where tho slab is on tho surfavce exposed to the roeatsy ¢a-
virommeént or 4s foocated on the bBackside where the adidbatic boundazy condition
is ueed or where it exists by itself where both conditions exist, special logic

is imposed,

2.4 Ablator~Sudlimer Model
The logic nsed to dompute sublimer—ablator performance takeés into sccount

the ensrgy mandgement réquiremesit at the material surface as follows:

1. The energy cosiducted away from the surface

2. The sensible ensrgy stored in the material

3. The latent heat reyuired to sublime the material

4, The sconvécted or advécted energy required due to the receding surfase.,
The aumerical schéme devised to account for these effects is incorporated into
the program’s network by special logic which considers the moving botndary and
the latent heat required to sublime the material using the slab logis, When the
temperature of the surface temaing below the tempdrature of sublimation, the
thermal balance is performed just as it would be done in any nonsblator matéri-
al, If, however, at the end of any time dtep we seé that the temperature has
éx8eeded the sudlimation température, the amount of energy that was required to
¢z66ed the sublisation tebéetatura is conptitéd and the surface mode témperattre
is set to the sublimation temperaturd, The exceds emetgy is théh uied to com-

pute the amotnt of matérisl which ié sublimed,

15
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Considering the four fiode network shown in Figure 2.4, we sod that the sur- {

face hes

AN,

0 2,0 4.0 6.0 L

1

T s

RN

K ' ' : DISTANCE

Fig. 2.4 Nodal Mesh And Temperature Distribution
For AblatorSublimer

e
E

resched the subiimation temperaturé, Additional heat added to the snceface whidh

is not radiated or conducted awhy is heat which sublimes the surface matéerial

WTRT S VT g S

atd sdvances the surface into the coolér material,

Ve firet computé an excess amount of heat which was used to take the stuz—-

T

face node temperature over the sublimation temperature with the following éx-
pression

‘ Aq ® C‘ (Tl -T

- v - R 04 s
——— tm e e e —— e o = —-

)
SuB \

and thén sot

2 Ty Toug:

16
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Next, we compute the surface recessios distunce from the latent hoeat of

sublimation, L, and the donsity &s follows

4q

A4S & e

y  Lets
As the surface rocoeds, the melt 1ine must also zecedo, so wo move the boundary
betwoen node 1 4nd 2. This zesults in the mass id node 2 at temperaturs T,
being brought to the sublimation temperatare Teub, Thue, the enmergy added to
the system must dbe taken into ascount,
If we look at Figure 2.3 below where the tempsraturs through the ablator is

showtt and

Qo

. 245 o
3

o i 8% |

!

|

t

l | } ] 4 i
X

Fig. 2.5  Node Movement For Ablator-Sublimer

ff ¢ one time step i AS, we sed that if thé node botndary between 1 and 2 is moved
3 2/8 AS and node 2 is moved 1/3 AS, thé material ia node 1 and node 2 will be
éf P complétely eliminated after a givon nusber of steps, However, béfore we tom~
pletely éliminats sode 1 and 2, woé stop when a presciibéd amount of metérial is

16ft i fiode 2 und r¥dise its temperature to Tsnﬁ‘ Node 3 soW Beécomeés nods

L

L1

17
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fidnber 2, #nd the somaining nodes are renutbeted, The procosf how continngs

antil smode 2 i¢ oliminated agadn,

If we now Sonsider the original nombering sohéme, wé sev that the node »
boundary botwson £0dd 1 and nodd 2 is & moving boutidéry or looking at it 4 .
stother way, #0do 1 48 fized in épace (Evlorian) and nodes 2 und greater asre Y 1
fi10d4 (LaGrangian) to a toving materisl., In this 80880, W0 se¢ that energy is : 1
conveocted or adveotéd into node 1 and this encrgy must be supplied by the aetro- : '

dynamié Beating environmeant, Referring to Fig, 2.5, we oan sed that this

anounts to 1

288 L
o6 =5~ (Taug - T2)- |

Since this energy must be supplied by the serodysamic heating and is only re-
quired when ablation ocours, we adjust the latent hest of sublimation to account

for this. We then compute an effective latent heat ox ablatiott from the follow=

ing estpression

. 2 .
noon, & ot n .
Lage * (ere 3 3 87 (L0 (Mg - 73 » |

ng2.,eh
Vl+3AS

In the expresssion above, L {s thé actusl heat of ablation L‘e“ is the effec- E '

tive heat of ablation fiom the last step and V,“ 18 the volumé of fiode 1 at the

last time step. f
In applying this method, heat conducted from nodé i to node 2 and 2 to 3 ’ : '.
6to, 1is accounted for in the samé munder as the slad described in Seetion 2.1, | ‘
An example of this proocedure 4s shown ia Figure 3.6 for a hypothetical ad- v |

lator. Rodults are compared to & steddy stuate analytical solution from Ref. 2.
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Séotion 3.0

DESCRIPTION OF THE PROGRAM

Aa ffort wis tiado throughout tho dovelopment of the EXITS code to keop the
stroctare of the code 46 modular 4s possible and to dofine spécific functions
which could bd broken off isto subroutinss. By in farge, this has been acoom-
plished, and as & teésult, the program capability can be exponded without e¢zten-
#ive reprogramming., ’

The method of defining thermal structure types, i. e. elabd, honidysomb, coz-
rugated eto, facilitates the organization of the program since ecach structuze
type, with the exception of the slab and the sblator, comnsists of & conductor
connscting two nodes lotated at the ends of the structure and capasitance, one
Balf of which is assigned to sach node, The slab and ablator are Similarily de-
fined with the éxception being several nodes are placed within the structure,

The main driver contains ¢alls to the primary functions of giina:y su- ot
broutines, These primary functions im turn call secondary routinss which supply
tequired information, The structure of the EXITS code is shown i Tatie 3.1,

The routines ate arranged so that the MAIN controls the progtax flow, calls
isput routines, contains the time marching iterative loop and crsates the cutput
file,

A motre detailed fiow chart and arrangment of tho'-ub:outiuet is shown ig ‘
B Figure 8.1, Each sabroutine’s calling structure 4s showa inm Table 8.2, A fuil '&
| description of each subroutine is givesn in the next séction, »
'Tj No blunk common is used, oaly named common afid it’s location is shown in
Table 3.3, ]

Gem s v

=
-5

20

-
) LT
SR S




ORIGINAL Fact b
INPUT — OF POOR QUALIT 'y
z/ISTR INTERACTIVE;;"1
INPUT
MINIVER
) ,//' INPUT ,;2!'4""-'-'-'
' LTy A —
et
(NGDE)
{ |
- ARTobIHE . A
| AJIOUTPUT~J//'
: — /] FILE
{: l LOOK UP ENVIRONMENT
¥ | FROM ?IN&¥§§ INPUT
: | CogeuT TORS
{ : chPurs -
I s 5 By -
: | %gMPg;érNegs ' | o
wj | COMBUTE SURFACE ot Lo
# REGESSTON ;
LT T .
: l INTEGRATE Lo
¢ ' NEAT RATES -
\ | 1 ' ; f
} TAKE_TIME .
i I STEP C
{ —_—————— — = -
1 L
stop Co
}}, ! g
; Table 3.1 Simplified Functional Structure oo
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ORIGINAL PR T
aF POOR QUALITY

CALLS
SUBROUTINB

MAIN
PROP
INTP
DATAL
coMpce
STRUCT
LOAD
ABSUB
DATAZ
PICTUR
COMTHP
NODE
HEATN
VFAC
DIST
THSTEP
INPUEO
SUBPR
SRIPF
CORG
HONEY
RGAP
STAND
THINS

K K O XX

NADN
¢ |PROP
INTP
x |DATAR
3 JCONPEC
STRICT
LOAD
» |ABSTB
2 | DATAZ
¢ | PICICR
> | COMENP

=
x |HEATN
VFAC
DIST
> | TRSIEP
x | INPEEO
x |SUBPR
SRIPF
CORG
RDNEY
RGAP
STAD
L‘II!INS

XX XXX

TABLE 3.2 Subroutine Calling Structure
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Seéction 4.0

DESCRIPTION OF SUBROUTINES

This séotion desoribos the maif driver and the twenty theee sobroutitids j
that comprise the EXITS code. The description presented id 48 overall deserip-

tion which may include the subroutine fonction, method and program logic.

4.1 MAIN
The main driver of the EXITS code contsols the major funistions of the pro-

gram ¢nd also contains the output oalls, Logic for talling the major su~

[N ii‘ ’ ,»“. b

broutines is found in this part of ths program, Cosistants and ¢cofitzrol flags and

P AN I

initial velues of integrated heat loads are first set to their prescribed

R

values, The interactive input routine INPGEO is ¢alled. Then ;uitt.l tempera~-
tures dre sot and subroutimes DATAL and DATA2 are called to obtain the material

property and énvironment data., A call to subroutine NODE séts up the thermal

ERN | L

astwork of nodes, capatitors and conductors for each body point, A call to PIC- K ;

L

TUR sends & depiction of the structuré and node location to the 1ine printer. ; i

The temperature integration stafts with the timé loop after further ini- 3

T T S S

tialization, Output and units conversion take place within the time foop which . o 3

is controled by the print fIlag NPEG., The adisbatic will eanthulpy, film coeffi- ‘ )

= 1,

c¢ient and pressures is found from a call to HEATN, If an ablatos-stublimer is ‘ !

'
i
i
i
i
]
5
i
}
'
I
¢
i
{
i
'
!
s
!
}
)
1
]

used, the ablator propsrties are found from two calls to SUBPR, Values for the
‘ conductors and capatitors sre computéd from COMPCC. The timc stép DISM is cal-
culited from stability oriteria and the usés supplied pazametes STAB,
' Tettperatures for all nodes in the structure are computed at the end of the time

step by subroutinme COMTMP., If sn sublator is called for, thé tecession dnd

renutibéring of the node and conductor sequence is dome in ABSUB, Fimally, et

25




the onud of the time integration loop, the heut loads, senvible hest, advected

heat, snd sublimed heat age integrated and tims is inoreased by the amount DTSM,

A check is made to seo if tho aumbes of steps or time has exveddod the inmpot L

valoes and 4f not control is seturned to the top of the integration loop,

4.2 SUBROUTINE PROP

This sudbroutine teturns thormophysical pt&putiu for the material spevi- |
fied by the variable MAT as a function of temperature, T1, and pressure, P,
Subtoutine INTP {4 called with T1 and P 4s the independent arguments after the
property teble aumbers are computed for the density, specific heat, conductivity ‘ !
and emissivity. Properties for adlator naterial, hest of eblation and témpesra-

ture of ablation, are not computeéd by PROP, Thess properties atre found by the
subtoutine SUBPR,

4.3 SUBROUTINE INTP

This subsoutine linsarly interpolates in either two ur three dimensional ?

arrays for materisl properties as & funotios of temperatureé or as a functi-a of

- \
temperature and pressure. The arguments X, P, N, ¥, are respectively, tezpera- B

tute, pressure, table number and the returned property., The sudbroutine iatezpo~

lates in both monovariate asd bivariste tables., Ablator-sublimer properties,

sublimation temperature and heat of sublimation, aré not found by INTP but are

. en— e m e ame a

found by SUBPR. Data for the properties are storéd in the array CC(N,J) fof the
monovariste atrays and CC(N,J) and BSV(N,JT, IL) srrays for the Bivariste tables,

The arrangement of data in the drrays for the two types of tables are shown ia

the following exampies, Data for the mohovariate tables are shows in Table 4.1,

1]
!
i
b i
i
|
i
I
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ORIGINAL PACHE (4
OF POOR QUALITY

CC(N, 1) e § . NYLON PHEN CONDUCTIVITY
CC(N, 2 Jommmmssann ), 0 1,89E~8wwmw CC(N, 3)
CC(N, 4 ) 460,0 1,89R«§ e CC(N, 8)

{ 66000 10943"’ :

H 910,0 2.80E-8 1
CC{N,10)==1000.0 2.50E~8 e CU(N,11)

TABLE 4,1 Arresgemont of Data For Mosovariate Propertics

Data for the bivariate table ase shown in Table 4.3.

Ini¢ially & theok 18 made on the sign of CC(N,2) to gete:mino if the date
for tabie N is mosovariaste or bivariate, If the sign is positive, the datas is
séarched to find the two temperatures to interpolate between and a straight 1ise
interpolation is uged,

If the sign on the variable CC(N,2) is negative, then a bivariate table is
esstmed and the independent variable array, pressure stored in CC(N,8) to
CC(N, (-CC(N,2)42)), is searched to find the {ncrement in the pressure direction,
The températures are then searched to find the two temperatires between which
thé interpolation is to be performed end the preéssure inéremént applied.
Finslly, with two interpolated values found in the pressure direction, the tem-

perdture isorement is applied and the final valus is computéed and réturted

through Y in the argument.

4.4 SUBROUTINE DATA1 ‘

Subrotitine DATAL finds the material ptoperty data for the materials given,
redumbers the material identifiers, MATS(I,LT,IN), and storés the materisl pro-
perty data in etrays to be used later in the thermal anklysis, Thig routine
first reads thzough the dats &nd picks out the detas from the matétials vséd in

the model, Materiul identification numbers are thes changed to the order in

vBich they appear to minimize the storage requirement im the CC(I,J) and

BSU(1,¥) arrays,
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|
Whenh & matesrial 4s found or matohed to the material speecificd, i
MAT(L,LT,IM), this routine #eads tho title oerd and noxt seét of dats cesds ac- !
dording to the aumbesr spocified, The Zext theec sbts aro then.gead forf s total |
of four tableés, If the first entry i the independent array of any table is
negative, the table is assumed to Be bivariate and a diffsrent set of logic is
used to storé the data, Data for the mosovariate tables are stored im an array,
CC(N,J), where N is the tuble number, If the data is found to be bivariate,
then the independesit variables até stored ian CC(N,J) arzay and the dependent
variables are stored in the array BSV(N,J,E), Table 4.6, EBach material ttopet;y
set in the property file must appear in the prescrided order, density, specifie 5
heat, conductivity, and emigssivity. Units for these properties must be entered
in BTU's, feet, seconds, pounds mass, pounds force, and degrees Rankine,
For ablator-sublimer material, the material property ntmber of the fifth
and sisth property is entered on the title card, When the sameé material iden~
tifier number is found, the temperature of sublimation and the heat of sublima- L
tion as a function of pressure ig given as the fifth and sixth property and

stored in the array €CS(1,J).

4.8 SUBROUTINE cOMPCC

Subroutine COMPCC computes the valuss of the conductdrs end capacitors for

- o e ame .

the network. The capasitor C(I)Aund conductor CD(I) values forf the slab and ab-

lator structureé typss aré computed directly in COMPCC, Capasitor and conductor

valaes for the other structures dre found from routines cailed from COMPCC.

Valtes for the conductors between the nodes for the sliab and the ablator are

S
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found by chloulating the distance between the nodes from the node position

_— e e e e e e = ==

atray, XX(1), and then finding the conductivity from thé iveragé témpérature

LT N T,

f; betweedt the nodes. Conductor values &re found froin the efpréssion
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K B e
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ORIGINAL PAGE (%

OF POOR QUALITY
It the same loep that the conduotors are computéd, the capacitdes are
foond, The mass of the material betweds the siodes is computed asd multipiied by
the specific hoat, Since oné helf the muss 4s adsocitted with cach nodé, the
oupucitance value is¢ divided by two and balf of it is summed &t wach smode.

Capacitatice valueé for each mnode is found from

- whete the summation oft j is on the thermal mass adjacent to the sode 4. At this
time, the mass of the structure is 4130 computed end stored im XMAS.
Por structure other than slab type, JN = 1, or ablator, SN = 7, COMPCC
branches off to the following routines, Table 4.3,

Structure
IN Type Subroutine
) RADIATION GAP RGAP
k] HONEYCOMB HONEY
4 CORRUGATED CORG
] 2~STANDOFE STAND
é fOTRIN' ¢ SKIN THINS

TABLE 4.3 Routines For Computing Effestive Conductance

Before bunchia& off however, subtoutine LOAD 43 cniied. This routine takes in-
formation, (i,e, geometry, matérisls eto,) from numed common, LD, and loads it
into the named common, GAP. Thé subroutines called whes JN = 2 thfough 6 com-
pute the éffective thermal conductanve, XR, mass XM, and capacitance values C2P1
and CAPZ and returns these values through the named common LD, Subroutine
COMPCC thés sutis the capacitor values in the C(I)s and the mass IMAS. The con-
ductor s then defined in CD(1),
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4.6 SUBROUTINE STRUCT

Subsouting STRUCT is the routine that handles the .struvtuze files,

STRUCT opens the struvturo file and either focates a sposific stroctuse
that slrcady exists in the file or adds an sdditional structure to the file,

¥ Evety structure has a corresponding structute numbor, and & two lime dosogip-

tioti, dlong with the structure variables,

4.7 SUBROUTINE LOAD

This routine takes data from the named commos LD which describes the goome~

try and materials of the following structure types ‘

RADIATION GAP
BONEYCoMB
CORRUGATED
Z-STANDOFF
THIN SKIN

and loads it into the aamed common GAP, 1In addition, the temperature of the
uppér and lower surfaces are set for the materisal property lookups and the radi-
dtion condustance., The material identifier numbers MATS(MP,18,1) aze loaded '

into the M(I) array and the six geometric parameters, XP(MP,18,3), are loaded :
iato the X(I) artay. :

4.8 SUBROUTINE ABSUB

Subroutine ABSUB provides the logic to predict ablator-sublimer recession,
thé node dpacing and the effest’ve heat of adlation., This routine 4s called by
ot Bais dfter thy ssblimation temperature is reached. Ablstor varisbles are pussed

o ¢ thiough the nameéd oommo#i SUBLM where the followinig variablés are significant,
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TSUB - Sublimation tempersture

XL, =~ Latont hoat of sablimation OF POOR QUALITY
e - Effeotive heat of sublimation

EXCHT ~ Excdes heat ovesr time step

EXCHSV - Excoss heat from last time step

GADVS = Advected heat from prévious tité step

T™SY -~ Timo &t last {toration

First, thie routino computés the distance of the surfaco toctision,AS, by

tho following esprossion

dexcess
LY »p

From this value of A8 the surface node i3 moved & distance of AS, the second
node is moved AS/3.0 &nd the boundary beétween the two nodes is moved 2 AS/3, 1If
the distance between the first and second acde, XLTS, becomes less than XMIN,
the second fodé is dropped from the network and nodés, capacitors, locations,
and condductors for the test of the network are renumbered, Figure 4.1 shown

below describes some of the nomenclaturé used in this routise,

Tsu '“’5?::q2é::j::T2
| .
.

DS - e '——0—-—1
XTSTL ] |

l A ] 4 A

XX(1) xX(2) XX(3)
XENDY  XEND2
Fig. 4.1  Nomenclature For Ablatfon Lugic
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the node boundaries have been moved as showd ig this figure,

! After the nodes and
computod ase foliovs

: the totsl emergy requized to sublide the mase ih nodo one is

QMEL = p ¢ (L' L XTSTL 4 L+ XTST2 # C,, * XTST2 (Tgyp = 1'2)) | |

o L' i# the effective host of sublimation from the previous stop and L i¢

) wher
The ntw cffective hodt of soblimation now is

the physical heat of sublimation,

computed from the ézpression volow

"ij QMEL
Lt e — :
o+ (XTSTY + XTST2)

neat added to mode omne by moving the melt line sep8/8 4s the heat

The sensible
asated for by imeressing the

?
i advected across the moving pounndary and is compe

imation, This incredse

poat of stblimation to form an effective heat of sudbl

smounts to

| QADV = p C XTSTEY (Tsyp - To)

¢ross hatohed aréa.

and {8 shown in the figure as the
he network i8 gocomplished in the 1ast !

ko Dropping sode two and remumbering t

k 2 part of the soutine, after which subroutine BY

1 of the structuse is printed on the 1ine printes.

CTUR is called and & mev schematic

Np— it
T et S e SO

4.9 SUBROUTINE DATA2
o Subroutime DATA2 reuds dats

B ﬁ was credted by LANMIN, Dats on th
particular poist in guestion,

then searched for theé corréct body

grom Unit 7 whieh defines the environment and

o LANNIN outptt file aré shown {n Section 8.1,
LBP 4 yaaiud_ta

— e e = - -

i ; fne¢ body poibt number for the

DATAZ thiough the argumést. The £i1é is

the following quantities afe read from the file afid

poifit and, onmce found,

a3

- . - - -
————



itored using the following varisble names

——

TIME ™ (IC) *
FiLM COEFFICIENT BCi (IC)

ADIABATIC WALL ENTHALDY Hawl (1€)
PRESSURE PRES1 (1C)

Tho lazgost mumber of entries in thése tadlos 48 diménsiomed by the commont vari-
able NMEN and ourronmtly sét to 50, If & scareh of tho filo doés sot fovoal &

matoh of the body point sumber, 1y message is printed, CANNOT FIND BODY FOINT.

4.10 SUBROUTINE PICTUR

| Subroutine PICTUR displays a description of the structure for a specific
Body Point in the form of & picture., PICTUR 4s called in the EXITS progrem in
| two ways, The firet way is from INPGEO, right after the strzuctutrs of & Body
Point 48 defined., This 18 a quick 100k picture, that appears on the interactive
device, etd is used for détermining if the structure defined is really the

strocture desired, If not, an opportunity is allowed to tedefine the structore

T

for the Body Point correctly.

The other way td ° PICTUR is calied is from MAIN after the node structuse
has been defined. This picture is written to the Output file and do-responds to
the specific body point that i béing exectted at that time,

1f as ablator-sublimer structure is chosen, then additiousl calls of PICIUR
will oceur each time & node 48 dropped from thé structuté, For esck sode that
is dropped, & picture will be written to the Output file that describes the
structute of the body point after dropping the hode. As example of & pictuore

- nade by PICTUR is shown in Fig, 4.2. It includes a picture representation of
' the stracttrs of eath layer stacked together and also information 1ike the ma- v

terials used, the structute type and somé of the dimensions.

A TTA u‘ E

Toe  drw- om.o - - -1 .
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“FHIS 18 THE-CONEJLURATION FOR BODY PT, { R
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Fig. 4.2  Line Printer Representation Of
' From $ubrout1nepPICTUR Stple Structure

4,11 SUBROUTINE COMTMP

Subroutine COMIMP is the subroutine which calculates the new toemporatureés
T(I) at the end of the time step given the old tempsratures TO(1), capacitors
C(X), snd condustors CD(1) using the heat balance, Section 2.0, at ensh of the
godes in the structure, Two typed of logie are vsed to computo the témpera-
tures, The first part of thé subroutiné 14 devoted to setting up the heat bal-
snces and the boundary conditions for the thin skia structusze type if a thia
skin section is Adjacht to the node in question, The second part performs heat
balances for all other strustural types,

At the beginning of the routine a check on theé flag ISBFG i¢ made to deter-
pine 4f thin skin logic 44 to be used any within the structure, If not, the
logie flow goes direstly to the standard heat balante for each node, To deter-
mine if & node 48 adjucent to a thin skin element, & chéck is made on the con-
ductors ati either side of the nods, If a conductor value is greater thin 10‘.
then the this skin Keat balance is to be used, (A conductor value of 10“ is
et in subrostine THINS),

Logic is included to determine if the nods is above or below the thin skin
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seotion or if the thin skin soution Jies oft tho surface Or 46 the Ikt stfuctas-
al typs and tequifes the adiubatic boundary coudition,.

The staddard heat balance, Section 2.0, 4s uvsed for a1l bodes othor than
fiodes adjacent to tho thin skin scctions, A ohsck is mudo to seo 4f the sode in
question i¢ & surface modo or 4f it is tho last modo, Fipally, the tempsraturs
of tho surfuve nodo is ohookod to sve if it Has ezcoeded the sublimation tem-

pezature for & ablstor-sublimer structuge. If this 4 the case, the es8eas hoat

is calculated,

EXCHT = (T(1) - Tss)* C1s

the flag NAB set oqual to 6de and the surfacé tempetature set to Tsum:

4.12 BSUBROUTINE NODE

Sabroutine NODE is salled from MAIN to sét up the nodél tietwork and to ini-
tialize temperatareés,

The logie starts by toking one structurd type 4t a time beginning at the
surface and working down, A oheck is made on the structute type, IST, to ses if
it is & slab or ablator-sublimer, If a slab or ablator-sudlimer is found, it ie
divided iato layers and nodes assigned as follows, The layer thivkness is ton-
trolled by the input parametér DTIM which divides the tota) thickness inmto

l1ayers to give a stadle value of DTIM shown below

(D 020
_— mpc, :

The aumber of luyers, conductors, are found from

H
NX ® e 4 ]
1)

— s e m e e e - = -
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whoteo B is the thiokaess

of the siab op ablator-subl inep, Finally,
of each conductor in the slab i fonsd frog

the lengeh

R T
e —
-

TR 8o o

\
|
|
) K |

At edch conductor, the dode numbey #t the uppor and lowey end of the cosndustor

18 stofod in the L(1C,2) array, tho initial temporaturos

T and T0 are sot and
the nods positions IX(1C) are assigned,

Finally, &t tho ond of this subroatine,

the notwosk information 4s written out whish shows node spacing, stracture type,

material type, conductor aunbor, dnd node fusbersg,

4.13 SUBROUTINE HEATN

This zoutine linearly interpolates the heating and preéssure eavironment |
Benérated by LANMIN and stored in the named cofimdn ENVIR, Time (TIME), is the a
independont asrgament white the film coefficient (HC), adiabat
(BAV), pressure (PRES), ars returned to MAIN,

ic wall enthalpy

The counter ISL dllows the sode

to start the interpolatisn search at the same pluce in the arrdys the last time \

this routine wag called,

4.14 SUBROUTINE VFAC

Subroutine VFAC ocomputes

the geometric view factors of NN

two dimensional
surfaced using the orodsed strings method,

The znamed vommon SF tontading the
. ares, AR(1), enissivity, EPP(I), view

factors F(1,)), and dcda vidw factor pro-
duots ASE(L, Y)Y, of up to ten

sutfdoes which may sse oach other within an enol¢~

of the efid points of straight iine surfaces gre contained in
the XX and vy At2dys in the

, sure, Coordinaces

— e -
. mm e e

famed commosn FACT, Two nésted Do loops, 1 and J,

eytle throtigh each sutface, The area of surface I 48 found from the subrottine
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DIST which finds the distasioe botwoos the end points assuning that the sueface
i & srraight Ling eurfave.
. The view faotor using the crossed strings mothod i¢ shows below, Ref, 3, v
Given two surfaces shown in Rig, 4.8,
A --a“‘ "
-.-_._’ c
. ! N 2T
~
///\\ J
/// N
. Ble”  _ N
! &N.‘N““ 6
Fig. 4.3 Crossed $trings Nomenclature '
g (% + ) - (&% + )
' - S
. F‘l-'.'] 2 Ay |
In other words, the view factsr from surface I to J {8 ¢qual to the léngths o
of thé ctossed strings minus the unerossed strings divided by twice the area of " §|
’ surface 1, :1
o

Subtoutine DIST is called to find the lengths of the crossed and uncrésed
T strings. The variable SUMF {s the sum of the view factors of one surisce o ail Lo

other surfades which should equal 1 but §s fot now printed ott,

4,15 SUBROUTINE DIST - o

Subtoutine DIST finds the distance betwéen two points given their two di-
betisional coordinates. The named common FACT contains the coordinates of the
end points of the line segments which make up the radiation énclosuré, The

coordinates até contained in the XX(I,J) and ¥Y¥(1,J) arrays where the 1 sud~-

Li e e e ——— -

—anm e e A e e = -

soript is the susface number asid J is equul to i of 2 dopenidifij vpon whiock end :

of the surface is considered, The distanice formula

-

) 2 2 ]
D= J(Xx - X2) + (i ~-Y2)




is 0490 to computs the distanve, OB i
R’Gw‘;’.‘\.l’!l{, i"t’l@ﬁ [
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. 4.16 SUSHOUYINE THSTEP

o Thiv sobfontine determinod the-stable time step for the ospidoit time in- . '
o b togration of the Suorgy balance &t sash mode, Por the genezal case the maxinmum

stadle timo step for the nodal mnetwork show in Figure 4.4 is

. (1)
i 49 &
O (J) + cb (9-1) | MIN.

J-1

[ Y

i3

!
!
Y
!

I+1

Fig, 4.4  Nomenclature For $1ab Time Step Calculation

For the case where the node lies ot the surfuce, the conddctor CD(J-1) is ge~

placed By CONV + CRAD, the sum of the convective and rudistive sonductors., Fos

| the adiabatic backwall, the comductor €D(J) is set to t8ro,
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The thin ikin stability requirement for the confignration shown ia Figuse
4.5

ik

. THIN SKIN CONDUCTOR (CD = 1.0 x 1019)

KP1

Fig. 4.6  Nomenclature For Thin Skin Time Step Calculation

‘13 found by ignoring the very high condustor value of the thin skin seetion, 1In
goneral, the stability requiremesit for node Ni or N2 s
C (N1) + C (N2)

20 < .
ct (kM1) + €D (kP1) | MIN wo

For a thin skin surface nvdeé, the convection &ad radistidon condoctors ere in- :
cluded in CD(EM1). For the adiabutic backwall CD(KPi) = O, : ‘\

After the minimum AO4is found, the resulting time step is divided by the |
iaput parametds STAB to insure stability.

- m——— e m e i o

4.17 SUBROUTINE INPGEO
Subroutine INPGEO is the inmteractive routise that sets up theé imitial con-
ditions and defines the structure for each Body Point to be rua, asks for the

FILE NAME of the file that contains the LANMIN (MINIVER) data for eich dody

—— e mmm emimmm

poisit, and asks for the FILE NAME of the file that contains all previodsly de~ ’
fined structures, (NOTE: Uss of this f£ile is optional), 'n;u subroutine also

4

.
'
1
[4
9
'
+
b
!
I
]
i
1
¢
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akks for the FILE NAME of the file that is to contain the ERITS output,
The dmitial, finsl and delta times for the output prit sre algo set hege,
The vontrol parembtdss may aled be changed at this point (£ tho tser dosifos,
Othorwise, defanlt valuek 4re ueed, ‘
The sumbor of body points to be roa is then defiged and the sonditions for

each bBody point age defined, For esch body point, an initial end sisk témpera~

tore 16 defined as well ag the structucd of that body point, The strncture for

& dbody point may be choien from the ttructure file by structuzeé fiumbes or by
¢reating ¢ new structure definition,

Croating s new structure is dome by layers usi - structurd types, material
nusbers, and dimensions, After the structure of & body point is defined, s sim-
ple picture of that structure is displayed and the structure of the next body

point is defined. After the structure and initel condition for all the body

points are defined, INPGRO teturns to MAIN,

4.18 SUBROUTINE SUBPR

Stbroutine SUBPR interpolatées in an array of data to £ind the temperature
and 1atent heat of sublimation as & function of surface static pressuré 88 Sup-
plied by LANMIN, These propesties are stored in the CCS (N, NMBY) array found

i the named common CSUB, The data is stored in the following manner

€8 (N,1) = Number of X-Y paits in array
ces (N,3) = First independent variable (Préssurs)
ct8 (N,3) = First dependetit variable
cts (N,4) = Second independent varisble
¢S (N,8) = Second dependent variable
éto.

{

i

i

l

The routine fitst checks to see if the vilue of the &rgument, X, is out of range

e e i e im e as s

—_—am e e e mo o o e
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of the independent varigbles in the teble, and if so, aseigns thé correct sud-

. soripts to extrapolate Off the end of the table, Jf ths valué is sot out of
Lango, & scardh is conductéd to find the two independent variabies which bound .

the valuo #nd o simpls strudght line dntorpolation is performed, !

4,19 SUSROUTINE SRIPF
Subtouting SRIPF finds the radiation imtetchange futong. ia an etclo-
suré given the ateas, émissivities and the geometric view factors found in VFAC,
The named common SF contaifis the information in AR(I) (ateas), EPP(I) (emicsivi-
ty), and F(1,J) (geometrie view factors), The product of the ares and rediant | ;

interchange factor is stored is ASKF(I1,J).

L The method used in SRIPF is & network method which is solved by an itera-
'—3 tive technique for the radiosity vetween each of the surfaces, If we consider
% the network in Figure 4.8 for an enclosure with theee surfaces

- t% z/{"

-

(]
Eby G—KIL

Fig. 4.6 Network for Typical Three Surface Enclosure

wé see that

MWer 4 'gfl F ity = 9y)

i 42

W e e e ——— A~y S = e e onsmm m e as Mrmem w mm — e =

-4
i

!

1"»" A




ORIGINAL PACH 17
ot © OF POOR QUALITY

Equating theee two expressions and by use of soms algebra, we see that

¢ b n
J [: - :] bJ = ik
1=y Fq 1-pgFyy Km K

is the finsl expression for the radiosity at node j. Using the following {tera=

tive rolazation procedure

il - . n
JJ (1-8) Jj +8J

where the relazxation parameter, B, is typically .8, convergence,

J ’

i~
Jd, = J
J
._.?‘_ < .001

J GREATEST

is found within ten iterations for the structures desctibed {n this code. After

the radiosities are found, the radiant interchange area fadtors are found from

KF (19) = 6}‘ o M Fiey (04 -99)
(Epf - Eyg)

wheré the black body emissive power Eb is assigned arditrarily,

4,20 SUBROUTINE CORG
This routifte determines the effective thermal conductivity, thermal vapaci-
ty and mass of & corrugated panel section consideting hest tramsfer by conduc-

tion sand fadiation through the panel. We fifst consider 4 small sectios of the

corzugited pasel shown in Figure 4.7

— e e e e e o a——— = = -




Fig. 4.7  Corrugated Panel Configuration

gnd choose twd planes of symmetry and sssign the three nodes 1, 2, and 8. The
geonétric and material parameters are contained in the named common GAP, The
thres matesial thicknesses are THi, TH2, TH3, while meterial jdentifiers are
contained in Mi, M2, M3, Overall height is TH and the piteh is P, Tempetatures
at 1 and 2 sre gives as T1 and T2, These parameters are dassigned their rospec-
tive variable mames in subroutine LOAD which is called jmmediately vefore CORG
is called, The temperature at 3 is unknown, but given the temperatures at 1 and
2, geometrit and thermophysical properties, the temperatute at 3 cen bs solved
by iteration, The equivalent setwork for this éystem consists of & sondustion
path from node 1 to node 2 passing through uode 3. In addition, there is redia-
tive heat transfer ffom mode 1 to 3 and réradiative heat transfer fror 3 to 1.
The radistive enclosure for the upper, lower, and corrugated steuctnre is

modeled using three planes shown delow

Fig., 4.8 Radfation Enclosure for Corrugated Panel
44
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Plane 2 {4 s plano of symmetry in which thé emiesivity is zers and all incidesnt
eidintion is refiovted buok into the enolosuré which {s the emitted and feflect~

¢ od radiation from the reflocted enclosure 1', 8, 3, The coor8inates of the
planss 1, 2, § aro sot and stored in the XX (I,J) and ¥ (1,J) srraye whore I s ‘
4 'the planc number wnd T is 1 of 2 reprosenting the ¢nd points, Tho subroutines
VFAC and SRIPE are called to 8efine goometric view faotors and arca~radiative

lntuéhange faotors, ASF (1,7)¢ PFrom these factoz adistion conductors are

formed from the following expréssion
Kyg = A& 0 (T3 + 10 (T, +7) |

whére g = Stéfan Boltzman Constant

The equivalent nétwork for the total heat transfer from surface 1 to 2 is shown B

in Figure 4.9.
|
1‘
f
i ¢ Fig. 4.9  Corrugated Panel Equivalent Network '
o
& The thfee cornductois in series K, K, K, and R,. k,' £*' represent the pathy
Tt
45
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theough the uppor and lowey surfaced, a contact conductance which for the

presont time 5 sot to 10° times the arcs, and tho econduction path through the

Corrugated seotion, The eapréssion for the theod conductors {s sezios i T Y

to form tho conduotors from fode 1 to § and 2 to 3 as shown beiow

61 & o KIKQKS
Kle + Ksz + K2K3

and

K!K!K!
17273
czg K'K““ K‘K""K'K‘
172 173 23

If we represent the radiation paths from I to 3 a3

2 2
¢4 = AT g0 (T3 + T2 (1, + Ts)

and 2 to 3 asg

' 2 2
5 = A g0 (14 1)) (T, +1,)

we can iterate on the temperatusre at 3 using the following éxpresgsica,

T,CL#+ 1,02+ 1,04 + 1.0
T e (1-8) ey ( — 1 T 5)
C1+C2 + 4+

Convergence is obtained when

LI
—— - 001

n+e
TS

whete ¢ is the input perameter TOL sét to a default value of ,001,

46
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When the temperature T, 46 sulved for the total hest transfer pos unit srea of ' {
panvl i computed
[Ty = Tg) « (C1+C4)

»
Q =
Pe !
i \ atid the equivalent conductivity is found from |
Q
XK & =———* |
Ty - T,

An example ¢ase for an aluminum corrugated panel and the équivalont thérmal con-
/ ductance i6 shows in Figure 4.10,
¢ - The thermal capacitatice is computed from the mass of the structure and

split in two equal parts assiganed to CAP1 and CAP2. Total masgs is found and

1 stored in XM,

- 4,21 SUBROUTINE HONEY

"Subroutine HONEY detérmines the effective thermal conductivity, capatity 5 3
and mass of o hoseysomb core sandwiched between two ldyérs, The geometric de-
finition and material identifdiess are containsd in the named common GAP,

Temperatures of the otter layers T1 &nd T2 are also fouond in GAP, Cell dimen- ‘ o

f } ¢ions are given by TH, the overall height, end B the distance from one flat side
;Z% to the other for a hezagonal ¢ell. The distante D is the piteh distadoce showa o

;

|

.

} 3 in Figare 4,11, : ' .

(3
d
4

4

N
H
‘

Fig. 4.11  Honeycomb Cell Dimensions
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Fig. 4,10  Corrugated Structure Effective Thermal Conductance
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The number of colls per unit sres, the nombet of cell walls, and the volume of

tho materis]l makin p the stguctuse sre computed,

Hoat tranifor tbhrough the honoycomd 4s asstmoed to bo by ocosnduction through
tho oore and radistien within each ce1i, Each cell is assumed to bave #ix eqoel

* walld which is shows {n Figurs 4.12,

; o1 ]

]

CENTER 3
oF °

CELL—'\!

Fig: 4.12  Honeycomb Cell Model : S

Temperatares at 1 and 2, T1 and 12 respectively, are given, Temperatuare ut 3
is solved by reluxation., Rediation from nodes 1 to 2, 1 to 3 and 3 to 2 is vom~ 1
puted by assuming & view factor of .1 from surfase 1 to 2 and .9 from 1 to 8. :
This is done in lieu of using the 6rossed string method (subroutise VFAC) since
this is o three dimensional c¢onfigufation, Changes in the view factors tan ﬁe
mide eas'ly to reflect sell size and honeycomb thickness, Typical view factore 4

a8 a function of cell size and honeycomb thickness aré provided in Tadle 4.4,

—— = e caamm v - A =

-~
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-I- VIEW FACTORB
s (Basa To Top) '
F,_, (Baso To Sidos)
—
) 4
02 -3 0“ .5 06 08 100
h—t,g _
.25 0130 6230 6300 0380 0450 0540 6610
e .870 70 1 .700 620 ~,880 480 | .390
050 .033 .075 0125 0173 0220 o300 .380
L 968 | o928 | 878 | .e28 | .10 | .700 | .620 |
1.0 028 038 .040 060 078 A28 170
9713 963 .960 840 .28 .878 L83 |
| P E
2.0 012 020 V28 030 088 .040 060 ‘ ;
3.0 008 | .010 | .017 | .0z8 | .027 | .028 | .080 :
099& 0990 ¢988 0975 0913 " J"ﬁ 0970 - '
4.0 006 | (012 | .o16 | .020 | .021 | .023 | .uzs | !
0994 0908 0984 .930 0979 ) 0917 0973 | ‘:
Table 4.4  View Factors From Top And 8ides To Bottoa Of
[
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The equivalont alectrical network 44 shown in Fignra 4,18

Fig. 4,13  Equivalent Network For Honeycomb

This netwotk describes the heat transfos path betwoen thé upper and lower oo

surfaces, Equivalent conductors for the conduction paths are dvtermined from

C1 ¢ CONK * C3 '
XCl = - v
C1 * CONK + C3 * CONK # C1 + €3

and

A2 = C2 + CONK « C3 !
\ C2 + CONK + €3 « CONK + C2 + €3 I

: vhere CONK s the contact conductance between the core and the oster suxfaves,
currently sét to 10° BIU/Ft"-Bec-"F, R1, R2, and B3 are computed using the

, three temperatoies and the view factors. Fimally, the temperature at § is found
by telazation veing thé formula

n

TR {f1.(xc1 + R1) + t2.(xc2 + R2))

T

XC1 + R1 + XC2 + R2
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In the éxpression above, P 44 tho relaxation factor usually set to .9 in the

iaput, Convergenve is rapid and ccoars when

™ g o
8 N .
‘—?2-*1—- < TOL -001
Total hea: transfer is computed from the conduoctor vdaltes and three knowt tom~
peratures, Equivalent conductance is then found by dividing by the temporature

difference T,~T,. Az example csse is shows in Figure 4,14 for an all aluminum

Bodeycomb structure, Capacitance CAP1 and CAP2 is found in addition to the mass
of the structute and stored in XM,

4,22 SUBROUTINE RGAP

Subroutine RGAP computes the equivalent conductor value through a radiation

gap. This mddel also includes the thermal condustance 6f the upper and lower

surfaces, The thermal modél of the radistion gap used is shown in Figure 4.13,

1 | %
I a

//K 4

A y

| Y
}JYKS ,'J
9 [ |

. Fig. 4.15  Network For Radiation Gap Calculation
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The tesperatures st A and B ase computod from thv known tompésfatures at 1 and 2,

All geométric and materisl phrametess ato passed to ROAP through the nemed com-
mon GAP, Tho radiunt iaterchasige factor betwest the two surfaces i assumed to

be that of two infinite plates and {s found from tho éxprégsion below

1 4
éf-s '
i 1
—— + —— 1
€] 22

An iteration procedure is used to find the tetiperatures at A and B given the i
temperatores at 1 and 2, T1 and T2 respedtively. The conductors YE1 and YE2 aze

found from the conductivity and the thioknesses TH1 and TH2, YE3 is a radiation

¢onductor found from the following éxpression:
Y3 = adr ; (1A% + TB%) (TA + TB)

The relaxation algorithm used to £ind TA and TH is s follows

. PR n i
I o (4 opy a4 g TL YKL TE - Vi3 .

YKI + YK3 ‘,‘
j
ot .
T2 « YK2 + TAM .« yka
8™ & (1 4p) BN 4 B - Yk .
YK2 + YK3
Cotivergence is found after )

TA™ | gl o e . 1ph

- <¢ " .001 L
TAR TB" |
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Bquivalest thermal conductivity is found once TA and TB are solved by
YKY  YK2 o YK3

XK LE .
YK1 ¢ YK2 + YKI ¢ YK3 + YK2 - YK3

An exdmple dasé is shown ia Figure 4,16,

Fiaslly the mhes, XM, and capacitence, CAP1 and CAP2, are computed.

4,23 SUBROUTINE STAND

This subroutine computés the equivalent thermal conductante, capac¢itance
and mass Of & structute consisting of & standoff section and twd outer surfaces.
Heat transfés 48 assumed to be by conduction and radistion through the panel,

Consider the sndll section of the 2-standoff panel shown iz Figure 4,17,
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Fig, 4.17  2-Standoff Configuration

We choosé o #ingle esélosuste bounded by two standoffs’ mid-plane and assign

thres modes to the four sutfaces, node $ being comton to the standoffs. The

jeonetrio 4nd matesrial parameters are containéd in the naméd common, GAP, The

thres mitérial thicknessés ate THI, THZ, atid TH3 while the material ideésntifiets
dre Mi, M2, and M3, Overail height is TH, the pitch 4 P and the flange width
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